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Abstract. Alkali activated fly ash is a widely used admixture to the concrete. Due to the pozzolanic
activity, the fly ash can replace up to 60 mass percentage. The impact of fly ash on the concrete depend
on the level of it content, i.e. in small levels it improves the macro-mechanical properties and durability
as well as chemical resistance. On the other side, fly ash admixture negatively influence the set time
and cause slow development of strength. Therefore, the effect of small fly ash admixture levels on the
micro-structure of high performance concrete (HPC) is discussed in this study.
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1. Introduction
The high performance concrete (HPC) became a com-
monly used building material in civil over last years
due to increased demands on construction costs reduc-
tion, quality of building materials, prolonged service
life of constructions, etc. Compare to ordinary con-
crete, additional admixtures are added to the mixture,
such as fly ash, providing specific features of hardened
concrete.
Fly ash (FA) falls into the category of coal combus-
tion products (CCPs) that are produced from either
hard or brown coal burning in coal-fired power sta-
tions. It is obtained from the gases of furnaces fired
with coal or lignite at 1100 to 1400◦C by electrostatic
or mechanical precipitation of dust-like particles. FA
is defined as fine powder, mainly composed of spher-
ical glassy particles. Its chemical composition and
pozzolanic and/or latent hydraulic properties depend
upon the type of boiler and the type of burned coal.
In general, fly ash contains significant quantities of
crystalline and amorphous silicon dioxide (SiO2), alu-
minum oxide (Al2O3), calcium oxide (CaO) and trace-
able amounts of other elemnets, such as magnesium,
chrome, mercury etc. [1, 2]
According to statistics of European Coal Combus-
tion Products Association (ECOBA) from 2016 [3],
production of coal combustion products (CCPs) in
EU 15 countries reached 40.33 million tons and was
estimated over 105 million tons in EU 28 countries.
Wast majority of CCPs (63.8%, approx. 25.73 million
tons) consists of FA and its utilization in the construc-
tion industry is currently around 43% (11.4 million
tons). Individual CCPs production in EU 15 group is
depicted in Fig. 1a. Detailed statistics from EU 28
group are not reliable due to vague characterization
of CCPs and insufficient data collection.
Statistics from American Coal Ash Association
(ACAA) obtained in 2016 [4], show overall CCPs
production of 107.43 million tons, where only 35.2%
(37.82 million tons) is represented by fly ash and 59.9%
of it (22.63 million tons) is further used in other in-
dustries. It is worth mentioning, that overwhelming
majority (75.3%, 17.04 million tons) of fly ash in
USA is used in blend cement, concrete and concrete
products. Fly ash specification and comparison to
Portland cement, according to American standard
(ASTM C618), are summarized in Tab. 2.
In Czech Republic, according to Association for the
District Heating of the Czech Republic (ADH CR) and
ASVEP from 2014, approximately 13 million tons per
year of CCPs are produced, from which 9.24 million
tons (71.1% of estimated production) are classified
as fly ash (Fig. 1b) . Compare to EU 15 countries,
Czech republic utilize most of CCPs, 59%, are used
as surface mine backfill and just 11% for cement, con-
crete and masonry production. Even though data of
average chemical composition with respect to national
standard are not available, specific oxide mass per-
centage of fly ash obtained from different power plants
are presented in Tab. 2.
National standard CSN EN 197-1 recognizes fly ash,
based on chemical composition, as silica (V type) and
calcium fly ash (W type). Their average chemical
composition, according to [1], is presented in Tab. 2.
Silica fly ash particularly contains silicon dioxide
(SiO2) and aluminum oxide (Al2O3), where content
of active SiO2 should be over 25% of weight. It also
includes more than 10 weight% of active calcium oxide
and free form CaO should not exceed 1.0 weight%.
Its use, when free CaO (lime) is in range of 1.0 to 2.5
weight %, is limited according to the standard.
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(a) CCPs production in EU15, 2016.
(b) CCPs production in Czech republic, 2014.
Figure 1. Statistics of CCPs production.
(note: SDA - Semi Dry Absorption, FGD - Flue Gas
Desulphurization, FBC - Fluidized Bed Combustion)
V type fly ash reacts with calcium hydroxide
(Ca(OH)2), which is present due to cement hydration,
while generating silica hydrates and calcium alumi-
nates. In stage of cement hydration initiation can
its particles serve as nucleation centers for hydration
products crystallization.
Calcium fly ash consists of 10 – 15 weight % of
active CaO and more than 25 weight% of active SiO2.
Compare to silica fly ash, the concentration of alkali
and sulfates is higher in W type fly ash and, when
calcium hydrate and water is present, it displays poz-
zolanic and/or hydraulic behavior [5, 6].
Fly ash replacement at various levels of the cemen-
titious binder and its impact on hardened composite
has been observed on macroscopical level in many
studies. Higher levels of fly ash addition (30 to 50
weight% replacement of cement) have been in past
used mostly in massive structures, like foundations
and dams, to control heat generation of the mixture
hydration. In recent years, high replacement levels
(40 to 60 weight%) used in structural applications pro-
duced concrete with increased mechanical properties
and durability [7]. Dependency of fly ash contain-
ment (both low and high levels of replacement of
cement) and evolution of concrete strength in time
are described in [8, 9].
The improvements of fresh concrete mixture con-
taining fly ash addition, specifically the effect on work-
ability and possible decrease of water-cement ratio,
as well as impact on segregation of cement paste and
aggregate are discussed in [10–12].
Positive impact of the fly ash on shrinkage miti-
gation depends on two major facotrs, size and size
distribution of fly ash particles and water requirements
on the mixture. As pointed out in [13, 14], application
of 50% replacement of cement by fine fly ash led to
the shrinkage reduction by 30%. Comparably, when
coarse fly ash replacement is used, less reduction of
drying shrinkage is observed.
Other aspect of fly ash addition is its positive ef-
fect on permeability and chemical resistance concrete
composite. As shown in [15–17], low levels of fly ash
replacement decrease the permeability up to 10-15%
compare to conventional concrete. However, as in case
of more than 50 cement weight% replacement, higher
permeability (compare to control specimens) can be
observed. On the other hand, significant reduction of
chloride permeability (i.e. improvement of chemical
resistance), as well as impact on pores size and dis-
tribution, with each increment of fly ash replacement
volume [18].
2. Materials, sample preparation
For purpose of this study, 4 mixtures were selected
for testing, referential mixture (REF) and 3 modified
mixtures containing 10, 20 and 30 weight% fly ash re-
placement of cement (FA10, FA20, FA30). Ingredients
of referential mixture consisted of cementitious binder
(CEM I 42.5 R - Mokrá), filler (crushed unwashed
basalt aggregate of particle sizes 0 - 4, 4 - 8 and 8 -
16 mm), water and poly-carbonate based plasticizer
(Stachement, Stachema). Mixture compositions can
be found in Tab. 1
Component REF FA10 FA20 FA30
CEM 42.5 R 800.0 720.0 640.0 560.0
Aggreg. 0 - 4 730.0 730.0 730.0 730.0
Aggreg. 4 - 8 390.0 390.0 390.0 390.0
Aggreg. 8 - 16 320.0 320.0 320.0 320.0
Fly ash 0.00 80.0 160.0 240.0
Water 210.0 197.4 184.8 172.2
Plasticizer 32.0 33.8 29.6 29.5
Table 1. Compositions of tested mixtures in [kgm−3]
Specimens (cubes of 100 mm dimension) were stored
in water in laboratory conditions (20 - 22◦C) to ensure
adequate cement matrix hydration and to reduce rheo-
logic changes and degradation of tested materials. Fur-
thermore, samples were prepared, using grinding and
polishing media, for purpose of electron microscopy
and indentation. Due to mechanical and structural
heterogeneity of the composite, preparation method
reducing selective abrasivity was adopted. By using
this method, both adequate roughness of the speci-
mens surface and compact interface transition zone
between aggregate and cement matrix were secured.
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Oxide Class F Class C V type W type Detmarovice Hodonin Portland cement
SiO2 50.0 40.0 51.4 39.4 50.4 31.6 23.0
Al2O3 26.0 17.0 30.0 30.0 25.5 17.0 4.0
Fe2O3 7.0 6.0 4.2 2.2 7.9 6.6 2.0
CaO 9.0 24.0 1.3 11.6 4.8 29.4 64.0
MgO 2.0 5.0 1.4 1.4 2.8 3.7 2.0
SO3 1.0 3.0 0.6 3.8 0.7 7.8 2.0
Table 2. Oxide analysis in weight percentage [%] of fly ashes an Portland cement
3. Methods and data processing
The testing of described high performance concrete
specimens was performed with two independent meth-
ods, scanning electron microscopy (SEM) and grid
nano-indentation. In order to overcome heterogeneous
complexity, both methods were implemented on two
main levels of the composite- matrix without basaltic
aggregate and transition zone between aggregate and
matrix with limited occurrence of clinker. This pre-
vented duplicity of obtained data from different phases
in the material with close mechanical and/or struc-
tural features (such as aggregate and clinker etc.).
3.1. Scanning electron microscopy and
image analysis
Scanning electron microscope Mira II LMU (Tescan
corp., Brno) equipped with EPMA was used for pur-
pose of microstructure investigation and phase recog-
nition of HPC samples. Chemical composition (i.e.
elemental analysis) of each phase was established by
energy-dispersive X-ray spectroscopy (EDX).
This method is precise for determination of weight
percentage representation of each chemical element
in measured area, nevertheless it is greatly time con-
suming and covers limited percentage of sample. In
general, energy of back-scattered electron is dependent
on atomic number Z of the element which is relevant
to brightness of the phase in BSE diagram. This
led to direct use of image analyses of back-scattered
electron micro-graphs which provided effective descrip-
tion of composite matrix. Based on rough estimate
of number of phases from low number of EDX mea-
surement, it possible to determine proper number of
phases and their gray-scale range from histogram of
several BSE SEM graphs. Furthermore it is possi-
ble numerically quantify percentage representation of
each phase and/or convert the diagram onto RGB
spectrum image for better imagination of material
structure.
In case of aggregate-matrix transition zone, two-
stage image analyses was applied on BSE diagrams.
The sodium-calcium feldspar forming a structure
of basalt aggregate is on gray-scale close to phases
present in matrix. Differential image analysis than
consists of main binding phases (C-S-H gel) separation
and identification of other phases in next step of the
process based on their internal heterogeneity.
3.2. Quasi-static indentation and
spectral deconvolution
Elastic micro-mechanical parameters of individual
phases were established usnig grid indentation (Ti
700 series, Hysitron Inc.). Principle of indendentation
technique is based on dependency of probe propaga-
tion with respect to the recorded material response.
The force-displacement record is further processed
and the mechanical properties are calculated from the
unloading part of the record. Incorporated errors of
the measurement, such as creep and visco-elasticity
of measured phases, are avoided by appropriate test
setup [19–25].
The implemented indents were displacement driven
with maximum depth of 150 nm. For both levels
of measurement, load function consisting of loading
and unloading over 5 seconds with inserted holding
time segment lasting 60 seconds in which maximum
depth was held to ensure limited impact of material
creep. The indents, again for both levels of investi-
gation, were placed in 21 by 21 grind with mutual
separation of 10µm. Due to material level separation
and indentation setting, grid indentation criteria of
heterogeneous material are met [26–30].
Effective modulus of each individual phase present
in the composite were derived based on spectral decon-
volution of indentation data. The process of spectral
deconvolution, unlike statistical deconvolution, takes
into account mutual interaction of phases (such as
interaction of soft C-S-H gel and tough clinker) and
data interference. The deconvolution procedure was
implemented individually on both levels of investi-
gated material and and overall effective features were
established from merged normalized histograms of in-
dentation data. Maximum allowed divergence between
structural and mechanical percentage representation
of measured data did not exceed 2.5%.
4. Results
The results of previously described methods and data
analysis are stated in this section. Mechanical features
of individual phases, derived by spectral deconvolution
of indentation measurements (Fig. 2), are summa-
rized in Tab. 3. The structural description of the
composite, in means of individual phase percentage
representation, was acquired using image analysis of
SEM BSE micro-diagrams (Tab. 4).
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Sample ITZ LD CSH HD CSH Portlandite Clinker Aggregate
FA10 16.74 ± 2.42 33.45 ± 5.89 54.54 ± 7.63 84.92 ± 14.07 142.13 ± 13.34 154.86 ± 4.89
FA20 16.48 ± 2.12 34.95 ± 5.36 54.99 ± 6.38 88.63 ± 13.16 140.22 ± 17.42 163.32 ± 7.81
FA30 18.80 ± 4.40 35.62 ± 5.87 57.72 ± 6.40 86.17 ± 7.59 127.57 ± 24.85 161.54 ± 8.28
REF 17.34 ± 2.52 31.08 ± 4.59 45.07 ± 2.61 81.60 ± 18.55 128.36 ± 6.23 162.78 ± 5.87
Table 3. Indentation modulus Er [GPa]) of concrete composites containing fly ash replacement
Figure 2. Histograms of indentation modulus Er.
Sample Porosity LD CSH HD CSH Portlandite Clinker Aggregate
FA10 1.19 9.61 15.34 11.77 4.20 57.89
FA20 1.56 12.25 13.96 8.50 2.93 60.78
FA30 2.34 13.48 13.79 8.40 2.81 59.18
REF 1.50 15.82 15.43 6.55 4.18 56.52
Table 4. Percentage representation of individual phases in composite [%]
5. Conclusion
From the indentation results of composites on mi-
croscopical level and phase representation (based on
image analysis of SEM BSE diagrams), following con-
clusions can be stated:
• lower rates of fly ash replacements decreased inter-
facial transition zone modulus by 3.6 % for FA10
sample and by 5.2 % in case of FA20 sample while
8.4 % increase can be observed for FA30 specimen.
• the indentation modulus of both CSH phases (low
and high density) are increased in all fly ash replace-
ments. The most influential is 30 % fly ash content,
where LD CSH modulus is up 14.6 % and HD CSH
up 28.1 %.
• the increase of calcium hydrate (portlandite) micro-
mechanical performance by fly ash additions is up
to 8.6 % in case of FA20 sample.
• except the lowest fly ash replacement (FA10), fly
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ash addition increase the micro- and nano- porosity.
• the representation of both CSH phases is signif-
icantly decreased, while calcium hydrate (port-
landite) percentage increased (especially in 10 % fly
ash replacement sample).
The early stage fly ash containing concrete compos-
ite project lower macro-mechanical properties, even
though the micro-mechanical features of the matrix
are elevated with the fly ash addition. The effect can
thus be linked to the structural changes of each com-
posite (mainly to increased porosity and lower CSH
phases representation). The impact of fly ash addition
on the interfacial transition zone is not conclusive, due
to inconsistent aggregate sizes in the measurements.
Further investigation of fly ash replacement on the
ITZ is proposed.
List of symbols
F Measured response/force [µN]
hi Indentation depth [nm]
Er Indentation modulus [GPa]
H Hardness [GPa]
hc Contact depth [nm]
PD Probability density [–]
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